Sub-barrier capture reactions with 1618 and 40,48 Ca beams 
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Various sub-barrier capture reactions with beams 16,18 and 40 ' 48 Ca are treated within the quan- 
tum diffusion approach. The role of neutron transfer in these capture reactions is discussed. The 
quasielastic and capture barrier distributions are analyzed and compared with the recent experi- 
mental data. 

m ! I. INTRODUCTION 

(vi ■ From the present experimental data the role of the neutron transfer channel in the capture (fusion) process cannot be 

unambiguously inferred pHa]. The fusion excitation functions have been recently measured for the reactions 16 0+ 76 Ge 
O ,■ and 18 0+ 74 Ge at energies near and below the Coulomb barrier and the fusion barrier distributions have been extracted 
.^ from the corresponding excitation functions [2]. The fusion enhancement due to the positive Q2n-value two neutron 
(2n) transfer channel for 18 0+ 74 Ge has not been revealed as compared with the reference system 16 0+ 76 Ge [2|- This 
is very different from the situation for the reactions 40 Ca+ 124 ' 132 Sn [3J and other systems in literature, which show 
considerable sub-barrier enhancements. The enhancement appears to be related to the existence of positive Q values 
for neutron transfer. 

The purpose of this paper is the theoretical explanation of these experimental observations. Within the quantum 
diffusion approach [J, |5| we try to answer the question how strong the influence of neutron transfer in sub-barrier 
capture (fusion) reactions i8 O+ 74 Ge, 52 > 50 Cr, 94 ' 92 Mo, 112 ' 114 - 118 ' 120 < 124 ' 126 Sn and 40 ' 48 Ca+ 124 ' 132 Sn. This study seems 
to be important for future experiments indicated in Ref . [2| . In addition, the new structures of the quasielastic and 
£h ' capture barrier distributions at deep sub-barrier energies will be discussed. 
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k^ II. MODEL 
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In the quantum diffusion approach [J, [5| the collisions of nuclei are described with a single relevant collective 
variable: the relative distance between the colliding nuclei. This approach takes into consideration the fluctuation 
and dissipation effects in collisions of heavy ions which model the coupling with various channels (for example, coupling 
of the relative motion with low-lying collective modes such as dynamical quadrupole and octupole modes of the target 
and projectile |6(). We have to mention that many quantum-mechanical and non-Markovian effects accompanying 
the passage through the potential barrier are taken into consideration in our formalism [5| . The nuclear deformation 
. . ' effects are taken into account through the dependence of the nucleus-nucleus potential on the deformations and mutual 
orientations of the colliding nuclei. To calculate the nucleus-nucleus interaction potential V(R), we use the procedure 
presented in Refs. [5j|. For the nuclear part of the nucleus- nucleus potential, the double- folding formalism with the 
Skyrme-type density-dependent effective nucleon-nucleon interaction is used. With this approach many heavy-ion 
capture reactions at energies above and well below the Coulomb barrier have been successfully described Q. Note 
that the diffusion models, which include the quantum statistical effects, were also treated in Refs. pfl. 

Following the hypothesis of Ref. [8|], we assume that the sub-barrier capture in the reactions under consideration 
mainly depends on the possible two-neutron transfer with the positive Q2n-value. Our assumption is that, just before 
the projectile is captured by the target-nucleus (just before the crossing of the Coulomb barrier) which is a slow 
process, the 2n-transfer (Q2n > 0) occurs that can lead to the population of the excited collective states in the 
recipient nucleus |9|. So, the motion to the N/Z equilibrium starts in the system before the capture because it is 
energetically favorable in the dinuclear system in the vicinity of the Coulomb barrier. For the reactions considered, the 
average change of mass asymmetry is related to the two-neutron transfer. In these reactions the 2n-transfer channel is 
more favorable than ln-transfer channel (Q2n > Qin)- Since after the 2n-transfer the mass numbers, the deformation 
parameters of the interacting nuclei, and, correspondingly, the height V& = V(Rb) of the Coulomb barrier are changed, 
one can expect an enhancement or suppression of the capture. This scenario was verified in the description of many 
reactions @. 
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FIG. 1: (Colour online) The calculated reduced capture cross sections versus (E c .m. — Vb)/(f\uJb) in the reactions 4C Ca-|- 124 Sn 
(solid line), 48 Ca+ 124 Sn (dashed line), 48 Ca+ 124 Sn (dotted line), and 48 Ca+ 132 Sn (dash-dotted line). 



III. RESULTS OF CALCULATIONS 



All calculated results are obtained with the same set of parameters as in Ref. 5] and are rather insensitive to the 
reasonable variation of them [5]. Realistic friction coefficient in the momentum h\=2 MeV is used which is close to 
those calculated within the mean field approaches [lfj . The parameters of the nucleus- nucleus interaction potential 
V(R) are adjusted to describe the experimental data at energies above the Coulomb barrier corresponding to spherical 
nuclei. The absolute values of the quadrupole deformation parameters /3 2 of even-even deformed nuclei are taken from 
Ref. [llj]. In Ref. [HI], the quadrupole deformation parameters j3 2 are given for the first excited 2+ states of nuclei. 
For the nuclei deformed in the ground state, the /3 2 in 2 + state is similar to the /3 2 in the ground state and we use /3 2 
from Ref. [ll| in the calculations. For the double magic nucleus 16 0, in the ground state we take /3 2 = 0. Since there 



are uncertainties in the definition of the values of /3 2 in light- and medium-mass nuclei, one can extract the quadrupole 
deformation parameters of these nuclei from a comparison of the calculated capture cross sections with the existing 
experimental data. By describing the reactions 18 O+ 208 Pb, where there are no neutron transfer channels with positive 
Q- values, we extract /3 2 = 0.1 for the ground-state of 18 |5J. This extracted value is used in our calculations. 



Effect of neutron transfer in reactions with beams 



j Ca 



To eliminate the influence of the nucleus-nucleus potential on the capture (fusion) cross section and to make 
conclusions about the role of deformation of colliding nuclei and the nucleon transfer between interacting nuclei in 
the capture (fusion) cross section, a reduction procedure is useful [12j . It consists of the following transformations: 
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cap ~ hw b R 2 b capi 



where a cap — <T cap (E c , m ,) is the capture cross section at bombarding energy E cm ,. The frequency w& = \/V" (Rb)//J, 
is related with the second derivative V (Rb) of the total nucleus- nucleus potential V(R) (the Coulomb + nuclear 
parts) at the barrier radius Rb and the reduced mass parameter fi. With these replacements we compared the 
reduced calculated capture (fusion) cross sections a r c ^ p f° r the reactions 40 ' 48 Ca+ 124 ' 132 Sn (Fig. 1). The choice of the 
projectile-target combination is crucial, and for the systems studied one can make unambiguous statements regarding 
the neutron transfer process with a positive Q -va l ue when the interacting nuclei are double magic or semi-magic 
spherical nuclei. In this case one can disregard the strong direct nuclear deformation effects. In Fig. 1, one can see 
that the reduced capture cross sections in the reactions 40 Ca+ 124,132 Sn with the positive Q 2 „-values strongly deviate 
from those in the reactions 48 Ca+ 124 ' 132 Sn, where the neutron transfers are suppressed because of the negative Q- 
values. After two-neutron transfer in the reactions 40 Ca(^ 2 = 0)+ 124 Sn(/3 2 = 0.1)^ 42 Ca(/3 2 = 0.25)+ 122 Sn(^ 2 = 0.1) 
(Q 2n =5.4 MeV) and 40 Ca(/3 2 = 0)+ 132 Sn(/3 2 = 0)^ 42 Ca(/3 2 = 0.25)+ 130 Sn(/3 2 = 0) (Q 2 „=7.3 MeV) the deformation 
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FIG. 2: The calculated capture cross sections versus -E c .m. for the reactions 40 Ca+ 124 Sn (solid line) and 48 Ca+ 124 Sn (dashed 
line). The experimental data for the reactions 40 Ca+ 124 Sn (solid squares) and 48 Ca+ 124 Sn (open squares) are from Ref. [3]. 
In the calculations the barriers were adjusted to the experimental values. 
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FIG. 3: The calculated capture cross sections versus -E c .m. for the reactions 40 Ca+ 132 Sn (solid line) and 48 Ca+ 132 Sn (dashed 
line). The experimental data for the reactions 40 Ca+ 132 Sn (solid squares) and 48 Ca+ 132 Sn (open squares) are from Ref. [3]. 
In the calculations the barriers were adjusted to the experimental values. 



of the light nucleus increases and the mass asymmetry of the system decreases and, thus, the value of the Coulomb 
barrier decreases and the capture cross section becomes larger (Fig. 1). So, because of the transfer effect the systems 
40 Ca+ 124 ' 132 Sn show large sub-barrier enhancements with respect to the systems 48 Ca+ 124 ' 132 Sn. We observe that 
the <7 r c e a d p in the 40 Ca+ 124 Sn ( 48 Ca+ 124 Sn) reaction are larger than those in the 40 Ca+ 132 Sn ( 48 Ca+ 132 Sn) reaction. 
The reason of that is the nonzero quadrupole deformation of the heavy nucleus 124 Sn. It should be stressed that there 
are almost no difference between a^ap m the reactions 40 ' 48 Ca+ 124:132 Sn at energies above the Coulomb barrier. 

In Figs. 2 and 3 one can see a good agreement between the calculated results and the experimental data in the 
reactions 40 ' 48 Ca+ 124,132 Sn. This means that the observed capture enhancements in the reactions 40 Ca+ 124,132 Sn 
at sub-barrier energies are related to the two- neutron transfer effect. Note that the slope of the excitation function 
strongly depends on the deformations of the interacting nuclei and, respectively, on the neutron transfer effect. 
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FIG. 4: (Colour online) The calculated (solid line) capture cross sections versus E c .m. for the reactions 0+ Ge and 0+ Ge 
(the curves coincide). For the ls O+ 74 Ge reaction, the calculated capture cross sections without neutron transfer are shown by 
dotted line. The experimental data for the reactions 16 0+ 76 Ge (open circles) and 18 0+ 74 Ge (open squares) are from Ref. Q|. 
The experimental data for the 16 0+ 76 Ge reaction (solid circles) are from Ref. [la ]. 

To describe the reactions 40 < 48 Ca+ 132 Sn (Fig. 2) and 48 Ca+ 124 ' 132 Sn (Fig. 3), we extracted the values of 
the corresponding Coulomb barrier Vb for the spherical nuclei. There are differences between the calcu- 
lated and extracted Vb- From the direct calculations of the nucleus- nucleus potentials (with the same set of 
parameters), we obtained V b ( 40 Ca-r 124 Sn)-V fc ( 48 Ca+ 124 Sn)=2.3 MeV, V 6 ( 40 Ca+ 132 Sn)-V fc ( 48 Ca+ 132 Sn)=2.2 MeV, 
Vi( 40 Ca+ 124 Sn)-H( 40 Ca+ 132 Sn)=1.3 MeV, and H( 48 Ca+ 124 Sn)-V 6 ( 48 Ca+ 132 Sn)=1.2 MeV. From the extractions, 
we got V & ( 40 Ca+ 124 Sn)-V6( 48 Ca+ 124 Sn)=l.l MeV F 6 ( 40 Ca+ 132 Sn)-F 6 ( 48 Ca+ 132 Sn)=1.0 MeV, 14( 40 Ca+ 124 Sn)- 
14( 40 Ca+ 132 Sn)=-0.3 MeV, and V 6 ( 48 Ca+ 124 Sn)-V 6 ( 48 Ca+ 132 Sn)=-0.4 MeV, which seem to be unrealistically small. 
However, these differences of Vb do not influence the slopes of the excitation functions but only lead to the shifting 
of the energy scale. With realistic isospin trend of Vb er cap ( 40 Ca-t- 124 Sn)< er cap ( 48 Ca+ 124 Sn) and o- cap ( 40 Ca-r- 132 Sn)< 
Ccap( 48 Ca+ 132 Sn) at energies above the corresponding Coulomb barriers. 



B. Effect of neutron transfer in reactions with beams 



s O 



Figures 4-7 show the capture excitation function for the reactions 16 ' 18 0+ 76,74 Ge, 16 ' 18 0+ 94 ' 92 Mo, 
16, I8o-|_ii4,ii2420, us, 126, i24g n ^ and i6,i8o + 52,50 Cr as a f unc ti on of bombarding energy. One can see a rather 

good agreement between the calculated results and the experimental data 0, lla - tla ] for the reactions 16 0+ 76 Ge, 
16 ' 18 0+ 92 Mo, and 18 0+ 112,118 ' 124 Sn. The <3 2 n-values for the 2n-transfer processes are positive (negative) 

for all reactions with 18 ( 16 0). Thus, the neutron transfer can be important for the reactions with the 16 
beam. However, our results show that cross sections for reactions 16 0+ 76 Ge ( 16 O+ 114,120 ' 126 Sn, 52 Cr) and 18 0+ 74 Ge 
( 18 O+ 114 ' 118,124 Sn, 50 Cr) are very similar. The reason of such behavior is that after the 2n-transfer in the system 
18 0+" 4_2 X— > 16 0+ A X the deformations remain to be similar. As a result, the corresponding Coulomb barriers of the 
systems ls O+ A ~ 2 X and 16 0+ A X are almost the same and, correspondingly, their capture cross sections coincide. 
Just the same behavior was observed in the recent experiments 16 ' 18 0+ 76,74 Ge [2|. 

One can see in Figs. 4-7 that at energies above and near the Coulomb barrier the cross sections with and without 
two-neutron transfer are quite similar. After the 2n-transfer (before the capture) in the reactions 18 0(/32 = 0.1) 
+ 92 Mo(/3 2 = 0.05)^ 16 O(^ 2 = 0) -I- 94 Mo(/3 2 = 0.151), 18 0(/3 2 = 0.1) + 74 Ge(/3 2 = 0.283)^ 16 O(/3 2 = 0) + 
7 6Ge(^ 2 = 0.262), 18 0(^ 2 = 0.1)+ 112 Sn(^ 2 = 0.123)^ 16 O(/3 2 = 0)+ 114 Sn(/3 2 = 0.121), 18 0(/3 2 = 0.1)+ 118 Sn(/3 2 = 
0.11lH 16 O(^ 2 = 0)+ 120 Sn(/3 2 = 0.104), and 18 0(^ 2 = 0.1)+ 124 Sn(/3 2 = 0.095)^ 16 O(^ 2 = 0)+ 126 Sn(/3 2 = 0.09) the 
deformations of the nuclei decrease and the values of the corresponding Coulomb barriers increase. As a result, the 
transfer suppresses the capture process at the sub-barrier energies. The suppression becomes stronger with decreasing 
energy. As examples, in Fig. 4 and 5 we show this effect for the reactions 18 0+ 74 Ge, 92 Mo. 
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FIG. 5: (Colour online) The calculated capture cross sections versus E c .m. for the reactions 0+ Mo (dashed line) and 
18 0+ 92 Mo (solid line). For the ls O+ 92 Mo reaction, the calculated capture cross sections without the neutron transfer are 
shown by dotted line. The experimental data for the reactions 16 0+ 92 Mo (solid stars) and 18 0+ 92 Mo (solid squares) are from 



Ref. 0. 
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FIG. 6: The calculated capture cross sections versus -B c .m. for the reactions 16 0+ 114 Sn and 18 0+ 112 Sn (solid line), 
i6 O+ i20 Sn and i8 0+ 118 Sn (dashed line), 16 0+ 126 Sn and ls O+ 124 Sn (dotted line). The calculated results for the reactions 
i6 0+ ii4,i20,i26 Sn and i8 0+ ii2,ii8,i24 Sn coincide) respectively. The experimental data for the reactions 18 0+ 112 Sn (solid 
squares), ls O+ 118 Sn (open squares), and ls O+ 124 Sn (open stars) are from Ref. [15j . 



C. Capture and quasielastic barrier distributions 

In Figs. 8 and 9, the calculated capture barrier distributions 

D = d 2 {E c . m a cap )/dEl m . 

for the reactions 16 0+ 76 Ge, 144,154 Sm have only one pronounced maximum around -E c .m. = H as in the experiments [2|, 
[l6j . The calculated barrier distributions in Figs. 8 and 9 are slightly wider and fit the experimental data better than 
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FIG. 7: (Coulor online) The calculated capture cross sections versus _B c .m. for the reactions 16 0+ 52 Cr (dashed line) and 
18 O+ 50 Cr (solid line). 
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FIG. 8: (Colour online) (a) The calculated values of the quasielastic irRlD qe (solid line) and capture D (dotted line) barrier 
distributions for the reactions 16 + 76 Ge and 18 + 74 Ge. The curves coincide for these reactions. The calculated D for the 
spherical interacting nuclei is shown by dashed line. The experimental data for the reactions 16 + 76 Ge (solid circles) and 
ls O + 74 Ge (open circles) are from Ref. |2j. (b) The calculated values of irRlD qe (solid line) and D (dotted line) are shown in 
the logarithmic scale. 



those obtained with the couple- channels approach in Fig. 5 of Ref. |2]. The capture (fusion) cross sections for the 
reactions 16 0+ 76 Ge, 144 ' 154 Sm were well described with the quantum diffusion model in Ref. Q- With almost spherical 
(deformed) target-nucleus we obtain a more narrow (wide) barrier distribution for the 16 0+ 144 Sm ( 16 0+ 154 Sm) 
reaction. 

We compared the capture and the quasielastic barrier distributions for these reactions (Figs. 8 and 9). There is a 
direct relationship between the capture and the quasielastic scattering processes because any loss from the quasielastic 
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FIG. 9: (Colour online) The calculated values of quasielastic D qe (solid line) and capture D/(nR b ) (dotted line) barrier 
distributions for the reactions ls O + 144 Sm (a) and 16 + 154 Sm (b). The experimental D qe (open squares) and D/(ivRl) 
(solid circles) are from Ref. jig . The calculated D for the spherical interacting nuclei is shown by dashed line (b). 



channel contributes directly to the capture (the conservation of the reaction flux) : 

*qe (-^c.m. ) " ) i -*cap (,-^c.m. > J ) i 

and 

d-L t cap I f*-^c.m. U'Aqe/d.iyG.xii. ) 

where P qe is the reflection probability and P ca p is the capture (transmission) probability (J is the partial wave). The 
quasielastic barrier distribution is extracted by taking the first derivative of the P qe {E c , m ., J = 0) or P ca p(E c . m ., J = 0) 
with respect to -E c .m., that is, 



Dqe {E c 



-dP qe {E c 



, J = 0)/dE c 



dP cap (E c . m .,J = 0)/dE c 



So 
D 
are similar 



by employing the quantum diffusion approach and calculating dP cap {E crm ,,J = 0)/<iE c . m ., one can obtain 
qe(E c . m .). One can see in Figs. 8 and 9 that the shapes of the quasielastic and capture barrier distributions 



171. As in the 



The same conclusion was experimentally obtained for the 20 Ne+ 208 Pb reaction in Ref. 
case of capture barrier distribution, one can show that the width of the quasielastic barrier distribution increases with 
the deformation of the target-nucleus. In addition to the mean peak position of the D qe around the barrier height, 
we observe the sharp change of the slope of D qe or D below the Coulomb barrier energy because of a change of the 
regime of interaction (the external turning point leaves the region of the nuclear forces and friction [J, |5|) in the deep 
sub-barrier capture process (Fig. 8(b)). 



IV. SUMMARY 



As shown with the quantum diffusion approach, the capture cross sections for the reactions 
i6 0+ 52 Cr) 76 Ge; 94 Mo n4,i20,i26g n and i8o + 50 Cr) 74 Ge) 92 Mo n2,H8,i24 Sn) respectively, almost match. The fu- 
sion enhancement due to the positive Q2«-value 2n-transfer for 18 0+ 74 Ge has not been observed Q because the 



deformations of nuclei slightly decrease after the neutron transfer. This is different from the situation for the 
reactions 40 Ca+ 124,132 Sn Q with large positive Q 2 n-values. The strong enhancements have been observed Q in 
these reactions at sub-barrier energies because the deformation of light nucleus strongly increases (the heavy nucleus 
is spherical before and after transfer) after the two-neutron transfer. 

We found that the shapes of the quasielastic and capture barrier distributions are similar. The sharp change of 
the slope of the quasielastic or capture barrier distribution is predicted at deep sub-barrier energy. This anomalous 
behavior of the barrier distribution is expected to be the experimental indication of a change of the regime of interaction 
in the sub-barrier capture. One concludes that the quasielastic technique could be an important tool in capture (fusion) 
research. 
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